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Studies of dental root surface caries . 1: Comparison
of natural and artificial root caries lesions
J. M. McIntyre,* J. D. B. Featherstone,† J. Fu†
Abstract
Qualitative polarized light microscopy and cross-
sectional microhardness testing profiles were used
to compare artificial root caries lesions with those
naturally present in extracted human teeth. The
artificial lesions were produced by immersion of
roots with exposed windows in chemical buffers of
acetate and lactate with no added enzymes or
bacteria. The three buffer systems used produced
lesions with the range of histological characteristics
of natural lesions. These included a ‘body’or
‘surface’zone of the lesion when viewed in water,
and a ‘frontal’ zone of reverse birefringence when
viewed in quinoline. The ‘frontal’ zone was noted to
first develop after three days of immersion in
acetate buffer.Advanced natural lesions exhibited
a wide, diffuse, advancing front, which was similar
to that produced by 28-60 day lesions in acetate.
Microhardness profiles of natural lesions could all
be matched by one or more of the artificial lesions.
The demineralizing process was seen to reduce
mineral content across the lesion from 45 per cent
in normal dentine to between 15 and 25 per cent.
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which is fundamental to an understanding of the
c a ries process in enamel.1 , 3 , 4 Po l a rized light
microscopy has been widely used as a means of
characterizing enamel caries lesions, making use of
the differing birefringent properties of the
components of the dental tissues.5 Using this
method, a number of zones have been described as
consistently present within the early enamel lesion.6
M a ny other studies have provided inform at i o n
relating to the kinetics of the enamel caries process,
using such procedures as microradiogr a p hy,7
electron probe microanalysis,8 and hardness testing.9
Only a few such studies have been reported
regarding the root caries process. Despite the
different structures of cementum/dentine and
enamel, as a first step to understanding the kinetics
of the root caries process, similar artificial caries
systems to those that have been used in studying
enamel caries were tested. Wefel et al.10 reported an
e x t e n s i ve study on natural root caries using
polarized light microscopy.
The purpose of this present study was to compare
naturally occurring root caries lesions with those
produced on root surfaces by demineralizing buffers
found to be useful in coronal caries research.
Materials and methods
Chemical demineralizing systems
Three chemical demineralizing systems previously
well characterized in work with artificial enamel
caries were tested.These were:
(A) 0.05 mol/L acetate, 2.2 mmol/L calcium (Ca)
and phosphate (P04), pH 4.3.11
(L) 0.1 mol/L lactat e , 0.2 mmol/L m e t h a n e
hydroxydiphosphonate (MHDP), pH 5.0.4
(G) gelatine gel (Fisher Scientific, USA, 20 per
cent),lactate (0.05 mol/L), hydroxyapatite (1.0 g/L),
pH 4.3.12
One hundred and fifteen human tooth roots with
n o n - c a rious intact cementum, which had been
stored in thymol deionized water, were carefully
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Introduction
The development of artificial enamel cari e s
systems has contributed significantly to an under-
standing of the kinetics of the coronal caries process,
and subsequently to the development of preventive
methods.1 Darling2 noted the similar histological
appearance under polarized light of early enamel
lesions produced by 0.075 per cent lactic acid, to
those found naturally occurri n g . F u rther wo r k
leading to the development of the concept of the
‘ s u b s u r fa c e ’ lesion has resulted in a clearer
u n d e rstanding of the interaction between the
d e m i n e r a l i z ation and remineralization processes
cleaned of superficial ligamentous material, brushed
with wa rm neutral detergent, rinsed in double
deionized water and dried in warm air. All roots were
covered with acid-resistant nail varnish, except for
two rectangular windows on the surface adjacent to
the cemento-enamel junction. The teeth we r e
immersed in individual quantities of 40 mL of each
of the three demineralizing systems for periods of 7,
14, 21 and 28 days in buffers (L) and (G), and for
periods ranging from one to 60 days in buffer (A).
Five roots were immersed per time category for each
chemical demineralizing system. The teeth were
i n c u b ated at 37°C during these peri o d s , the solutions
remaining unstirred during the experiment. At the
end of the immersion period, each tooth root was
removed, rinsed in deionized water and cut in half
vertically through the centre of the lesion. One-half
of the tooth was embedded for hardness testing, the
other sectioned for polarized light microscopy.
Polarized light microscopy
Those teeth in which artificial root caries had
been developed, and thirty extracted human teeth
selected as macroscopically exhibiting va rying degr e e s
of natural root caries, were sectioned using a thin
diamond blade on a sectioning machine. Sections
approximately 200 µm thick were reduced using fine
grained (600 grade) carborundum papers , and finally
polished using 0.05 µm particle size aluminium
oxide polishing paste to a thickness of approximately
100 µm.These were immersed in water or quinoline
and qualitat i ve polarized light microscopy wa s
carried out using a polarizing light microscope.10
Depths of lesions immersed in water we r e
measured using a graduated microscope scale.
Microhardness profiles
One-half of each crown of teeth, sectioned as
above, was embedded in epoxy resin so as to expose
the cut face of the sectioned lesions with adjacent
normal dentine. The cut surfaces of the roots were
then highly polished, and hardness tested using a 15 g
weight on a microhardness tester, as described by
Featherstone et al.9
Profiles of volume per cent mineral were obtained
from the length of the diamond indentations across
the root surfa c e , using the empirical formula deri ve d
by Fe at h e rstone et al. ,9 which was also shown in that
study to be valid for dentine.
Results
Polarized light microscopy of roots subjected
to artificial demineralizing buffers
All three systems produced discernable lesions on
the root surfaces, although those produced by each
demineralizing buffer varied from the others in
terms of depth of penetration and polarized light
histology. The comparative depths of 14 and 28 day
lesions were recorded in µm (Table 1).
The data in Table 1 indicate the greater depth of
penetration of lesions from buffer (A) with time than
those from system (L), and both consistently greater
than buffer (G).
Figures 1-6 show the polarized light histology of
artificially generated and naturally occurring root
surface carious lesions. Figures 1a-3b, 4b, 5b, 6b
show the polarized light histology of different lesions
produced by bu f f e rs (A), ( L ) , and (G). T h e
convention used by Wefel et al.10 of presenting the
dentine in the yellow band was followed.
A common feature of each was that the cementum
retained a negative birefringence during the early
days of the experiment, appearing slightly more
deeply coloured at the edge of the lesion, until
eventually losing this colour to shrink or be lost from
the surfa c e . Sections from lesions produced in
buffers (A) and (L) when immersed in water (Fig.
1a, 2a, 3a) showed the body of the lesion to retain
the same positive birefringence of normal dentine,
though of less intensity. This is in contrast with that
seen in enamel caries, where the body of the lesion
shows a reversed birefringence to normal enamel.
Of particular interest was the pattern of zones
seen within the bounds of the lesion when sections
were immersed in quinoline. The presence of a
‘frontal’ zone of reversed birefringence from normal
dentine, and from the surface zone of demineralized
dentine, was clearly evident at the leading front of
the lesion.This blue coloured zone was described by
Silverstone3 as being present in coronal dentinal
caries (that is, under advanced enamel caries) and
was termed a ‘structureless’ zone by Wefel et al.10 in
natural root caries lesions. An unchanged ‘body’ or
‘surface’ zone was present between this and the
surface of the lesion in all cases in the present study.
The lesions produced by lactate buffer in the
gelatine/apatite system (G) showed a small but
distinct zone of pink when sections were immersed
in quinoline (Fig. 4b). It was difficult to determine
the outlines of the lesion when viewed in water.
As sections were first immersed in water and then
d e hy d r ated in preparation for immersion in
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Table 1. Comparative depths (µm) of lesions
in root cementum/dentine resulting from
exposure to three artificial demineralizing
systems after 14 and 28 days
Acetate Lactate/MHDP Lactate/Gel
14 days 330±23 210±14 155±42
28 days 536±79 308±26 195±78
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q u i n o l i n e , it was possible to compare pictures
resulting from both immersions. Such comparisons
showed that both the ‘frontal’ and ‘surface’ zones
seen in series (A) and (L) when immersed in
quinoline, lie within the same bounds of the lesions
when observed in water. Slight differences in the
shapes of the lesions were a result of the shrinkage
produced by dehy d r ation during quinoline
immersion (to the order of 7-10 per cent). Note that
the examples of lesions provided in Fig. 1a, 2a, 3a
are from different lesions from those shown in Fig.
1b, 2b, 3b.
Examination of the structure within the zones
(Fig. 1b, 2b, 3b) in quinoline showed what appeared
to be a retention of tubular structure within the
‘frontal’ zone and a clear demarcation line at the
border with the ‘ s u r fa c e ’ zone at which there
appeared to occur a sudden loss in structure. This
was not consistent with the structural pattern seen




Fig. 1. – (a) Artificial root caries lesion produced after 14 days in acetate buffer, immersed in water. 3150.[Bar=100 µm]. (b) Different view of
another 14 day acetate lesion immersed in quinoline. 3150.[Bar=100 µm].
Fig. 2. – (a) Artificial root caries lesion produced after 28 days in acetate buffer, immersed in water. 3150. [Bar=100 µm]. (b) Different
artificial root caries lesion produced after 28 days in acetate buffer,immersed in quinoline. 3150. [Bar=100 µm].
Fig. 3. – (a) Artificial root caries lesion produced after 14 days in lactate/MHDP buffer, immersed in water. 3150. [Bar=100 µm]. (b) Different
artificial root caries lesion produced after 14 days in lactate/MHDP buffer, immersed in quinoline. 3150.[Bar=100 µm].
3a). No strong demarcation line showing change in
t u bular structure appeared in water at a place
e q u i valent to that seen between ‘ f r o n t a l ’ a n d
‘surface’ zones in quinoline. Rather, there was a
gradually diminishing, though distinct, structural
appearance evident throughout the body of the
lesion as seen in water, after a marked decline in
intensity at the boundary compared with normal
dentine.
A difference seen between lesions produced by
buffer (A) and buffer (L) was that the boundary of
the lesion when viewed in water became less distinct
in lesions produced by buffer (A) after immersion in
buffer for more than 14 days (Fig. 2a).When viewed
in quinoline, a zone of pink colouration wa s
observed in advance of the blue ‘frontal’ zone, which
increased in width and intensity with increased
i m m e rsion time (Fig. 2 b , 5 b , 6 b ) . The colour




Fig. 4. – (a) Natural root caries lesion at early stage of lesion formation, immersed in quinoline. 325. [Bar=600 µm].(b) Artificial root caries
lesion (lactate/gelatine buffer) at early stage of lesion formation, immersed in quinoline. 350.[Bar=300 µm].
Fig. 5. – (a) Natural root caries lesion at intermediate stage of lesion formation, immersed in quinoline. 325. [Bar=600 µm]. (b) Artificial root
caries lesion (28 days in acetate buffer), immersed in quinoline. 350.[Bar=300 µm].
Fig. 6. – (a) Natural root caries lesion at advanced stage, immersed in quinoline. 325. [Bar=600 µm]. (b) Artificial root caries lesion (60 days
in acetate buffer) at advanced stage,immersed in quinoline. 350. [Bar=300 µm].
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characteristics of this pink zone were similar to those
seen in lesions produced by buffer (G) (Fig. 4b). No
such feature was seen in lesions produced by buffer
(L), where even up to 28 days, well defined margins
were seen in sections immersed both in water and in
quinoline (Fig. 3a, 3b).
A ‘frontal’ zone was first observed to appear after
three days’ immersion in buffer (A), though it also
was primarily a pink colour. The blue colour was
observed to gradually become prominent from day
seven onward. The pink zone reappeared after 14
days as a zone of increasing width,with an indefinite
frontal margin. It is not known what the significance
of this pink zone is in relation to the blue ‘frontal’
zone.
Comparison of histology of naturally
occurring lesions with those produced
artificially
Natural root caries lesions demonstrated a wide
range of histological characteri s t i c s , p r e s u m a b l y
r e l ating to their age and rate or shape of
development.These characteristics were comparable
to those previously reported by Wefel et al.10 Typical
polarized light views of sections of natural root caries
immersed in quinoline, shown in increasing depth of
Fig. 8. – Cross-sectional microhardness profiles through artificial root caries lesions produced
after acetate buffer demineralization for three, seven and 14 days showing corresponding profiles
of microhardness to those of the natural lesions in Fig. 7.
Fig. 7. – Cross-sectional microhardness profiles through three natural root caries
lesions at differing stages of advancement.
lesions,are seen in Fig.4a, 5a,6a. Comparable views
of an artificially produced lesion which resembles
the adjacent natural lesion most closely in terms of
histology are shown in Fig. 4b, 5b, 6b, respectively.
In general, what were presumed to be very early
natural lesions showed polarized light characteristics
similar to those present in early buffer (A) series
lesions (1-5 days) or to the later stage (buffer G)
samples (Fig. 4b).The histological characteristics of
the more advanced natural lesions were resembled
most closely by 10-60 day (A) lesions (compare Fig.
5a, 6a with Fig. 5b, 6b, respectively). The presence
of the pink zone in advance of the blue ‘frontal’ zone
(described above) was observed in all the natural
lesions investigated (30 in number), only being
absent in what were considered to be abrasion
lesions with no caries evident. This is not in
agreement with the observations of  Wefel et al.,10
who stated that this phenomenon was not observed
in all the natural root caries lesions investigated in
that study.
Comparison of hardness profiles of natural
and artificial root caries
Figure 7 gives profiles of hardness across three
natural lesions, while Fig. 8 shows profiles seen on
lesions produced by buffer (A) which closely
resemble the natural lesions. In general, t h e
demineralizing process, whether natural or
a rtificially produced, resulted in a reduction in
mineral from 45 per cent to between 15 and 25 per
cent. These lower levels of hardness may well have
represented almost total demineralization of
dentine.
Discussion
The main objective of the study was to assess the
ability of artificial demineralizing systems, without
bacteria or enzymes present,to produce lesions most
closely resembling those found to occur naturally.
Two commonly used assessment methods, namely,
p o l a rized light microscopy and microhardness
testing, were used to carry out these analyses. One
problem with this comparison was the inability to
obtain natural lesions produced during known time
and environmental conditions. Initial judgement of
the severity of the natural lesions was based on depth
of penetration. Nevertheless, the fact that similar
characteristics were produced by artificial systems
means that whatever stage the natural lesions were at
when the teeth were extracted, they could be
matched by chemical models.
A further problem in making such comparisons
results when it is considered that natural caries
occurs usually in a living, responding tooth root,and
artificial caries in a dead sample. This fact in itself
must result in difficulties when it is considered that
marked changes occur to dentine which is under
attack from irritants. Again, the similarities seen may
indicate that this is not necessarily a major drawback
in attempts to obtain a working model to facilitate
experimentation.
The use of polarizing light microscopy as a means
of comparison of lesions has provided a number of
useful distinguishing characteri s t i c s1 0 and also a
basis of comparison of root caries with enamel
caries.13 The presence of a cemental layer of opposite
birefringent pattern to that of normal dentine, which
p e rsists for some time during the process of
d e m i n e r a l i z at i o n , makes it difficult using this
method to discern the presence of a highly
mineralized surface zone as seen in enamel caries
and as shown by Furseth and Jo h a n s e n1 4 i n
c e m e n t u m , using microradiographic techniques.
One distinguishing characteristic of root caries is the
presence of the ‘frontal’ zone seen when sections of
more advanced natural lesions and those treated
with buffers (A) or (L) in excess of three days, were
viewed in quinoline.The dentine tubule structure is
clearly preserved within this ‘frontal’ zone (see Fig.
1b, 2b, 3b), and thus it appears that the term
‘structureless zone’, as used by Wefel et al .10 should
be modified or simply replaced by the terminology
‘frontal zone’.The significance of this visual zone in
terms of the process of demineralization is currently
under investigation.
The presence of the area of diminishing pink
intensity in advance of the ‘frontal’ zone in advanced
n atural and (A) buffer produced lesions is
considered to have some structural significance, in
that it frequently is directed into a particular shape
following the lines of the dentinal tubules central
and pulpal to the lesion area in advanced natural
lesions (as in Fig. 5a, 6a). However, it does not
appear to be similar to the translucent zone seen in
enamel,6 because it is not present in those lesions
produced by lactate/MHDP, and is not evident as an
area of demineralization in the microhardness
profiles of either advanced natural or acetat e
generated artificial lesions.
The comparison of levels of demineralizat i o n
between natural and artificial lesions is more clearly
seen through cross-sectional microhardness testing.
The partially saturated acetate buffer (A) system
resulted in demineralization across the lesion,
similar to that observed in natural lesions of similar
d e p t h s. It is acknow l e d g e d , h owe ve r , t h at the
present study did not determine the nature of the
breakdown of the apatite crystals nor did it compare
ultrastructural aspects.
The three demineralizing systems tested show a
great deal of promise in providing root caries models
for further experimentation. The very slow rate of
penetration of the gelatine/lactate system (G) was
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not surp rising due to the presence of fluori d e
together with partial saturation from the added
apatite. However, the close similarity of these lesions
with some of the very shallow natural lesions, when
viewed with polarized light, suggests that this model
should be explored more closely using variations in
concentrations of fluoride and hydroxyapatite.
The remarkable similarity of the more adva n c e d
a c e t ate buffer generated lesions to advanced nat u r a l
lesions is most encouragi n g, yet needs to be considered
with caution. A better understanding of the precise
chemical and biological environment fa c i l i t ating root
c a ries development may permit a more accurat e
modelling of the natural process in terms of
ultrastructural change. The close histological
s i m i l a rities between the chemical (enzyme free) model
systems tested and natural root caries suggest that at
least the early stages of root caries are a result of apat i t e
d e m i n e r a l i z ation by plaque acids with a mechanism
similar to enamel cari e s. The present results prov i d e
confidence that chemically defined artificial cari e s
systems such as those reported here, will assist in the
u n d e rstanding of the kinetics of root surface caries and
in the search for, and testing of, e f f e c t i ve preve n t i ve
m e a s u r e s.
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